A variety of geological features in petroleum reservoirs, which affect production, are associated with zones of high permeability. As these regions are composed of distributions, seismic delineation of individual high permeability conduits is difficult, if not impossible. The reason for this is that individual production channels are below the resolution limits of seismic data acquisition, that is, they have dimensions less than typical seismic wavelengths. However, the distributions, which include fractures in standard reservoirs and wormholes in heavy oil production wells, will display a detectable seismic signature when a differencing of seismic data similarly acquired at various time intervals. This time-lapse acquisition approach, followed by the differencing of the two data, produces what has been termed the seismic footprint. Information regarding the reservoir's spatial development, as well as indicators for future drilling, may be inferred from these footprints. Here, modeling and real data examples illustrate the seismic effects of sub-seismic high permeability zones.
Introduction
The productivity of petroleum reservoirs is influenced by high permeability channels. The dimensions of these channels are considerably lower than normal seismic wavelengths, and hence are considered to be "subseismic".
For example, in overthrust belts, the production of hydrocarbons is affected by fracture permeability along the crest of forelimb anticlines.
In the cold production of heavy oil, progressive cavity pumps can create wormholes with high permeability, accompanied by the creation of foamy oil. Seismic monitoring has been used to map the drainage patterns and production footprints in heavy oil recovery.
Both wormholes and fractures have dimensions of 10 cm or less, and are thus considerably smaller than seismic wavelengths (typically 10-100m). The creation of high permeability zones during production will generally cause reduced seismic velocities, accompanied by changes in seismic amplitudes. In reservoir characterization, it is important to detect these permeable zones for the purposes of infill drilling.
Methodology
After observing the interesting correlation of high permeability zones with the seismic amplitude anomalies on time-lapse seismic surveys, we completed a series of feasibility modeling studies that involved 3-D seismic modeling and migration using finite-difference methods. The 3-D forward modeling and 3-D reverse-time migration methods both use finite-difference wave equation computations.
Our feasibility studies use seismic velocities derived from real data (sonic logs and seismic reflection data). A series of prototypes were based on reservoir examples for heavy oil production and overthrust production.
Results
The modeling studies have basically shown the following results.
Individual features smaller than the Fresnel diameter
(one-quarter wavelength) cannot be individually resolved. Our modeling and migrations results confirm the predictions of Fresnel theory.
2. Although these "subseismic' anomalies cannot be individually resolved, the boundaries of these high permeability zones can be identified for time-lapse seismic differencing.
3. Time-lapse seismology has been to be an effective tool for resolving anomalous high permeable zones. These 4-D seismic methods are able to delineate wormhole zones in cold production of heavy oil and are able to identify fractures in overthrust zones. The same type of time-lapse differencing effectively allows for outline of cold production footprint zones in the cold production of heavy oil. Figure 2 (top) shows wormhole zones that are smaller than the Fresnel diameter. Although the seismic image does not delineate individual wormholes, the boundary of the cold production zone is defined.
Conclusions
The detection of high permeability zones is crucial in reservoir characterization. Zones of high permeability may include fractures or wormholes, and these zones are usually subseismic in size -meaning that the individual zones cannot be resolved. Nevertheless, the detection of the boundaries for these zones may define a production footprint, and the definition of this footprint is crucial for infill drilling and for optimized production. This will be demonstrated for a number of case histories. 
